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A multi-component catalyst offers an opportunity to regulate the conversion of CO, toward the desired
product through the synergistic effect of different active components. Herein, the effect of incorporating
Cu into a cobalt-based cluster, supported on the partially hydroxylated y-Al,0s3 (11 0) surface, on CO,
adsorption has been studied using periodic density functional theory calculations. Three CO, adsorption
modes were identified on these Co-Cu bimetallic clusters: (a) CO, symmetrically binds the bridge site
of the metals through mixed carbon/oxygen coordination with the metal atoms; (b) CO, asymmetrically
adsorbs at the interfacial site via carbon/oxygen-metal coordination and hydrogen bonding to the sur-
face hydroxyl; and (c) protonated CO; at the interface. The incorporation of Cu into a cobalt-based cluster
reduces the binding strength of the adsorbed CO, and changes the favorable site of CO, adsorption: the
most favorable adsorption site for CO, adsorption changes from the bridge site of the Co4 cluster to
the interfacial sites of the CosCu and CoCus clusters. The interfacial structure is stabilized by hydrogen
bonding with the surface hydroxyl group, resulting in an asymmetrically activated CO, adsorption com-
plex. This complex may be hydrogenated directly by the co-adsorbed hydrogen atoms, leading to the
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oxygenate products.
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1. Introduction

Catalytic conversion of carbon dioxide has gained increasing
attention in recent years as it provides a promising way to utilize
the unlimited source of CO, to produce valuable chemicals within
the current energy infrastructure as well as contribute to reducing
net CO, emission to the atmosphere [1,2]. Transition metal cata-
lysts supported on a range of metal oxides have been studied in the
catalytic CO, conversion by reacting with H, or natural gas. The
conversion products, ranging from methane or methanol to long
chain hydrocarbons, are determined by the type and nature of cat-
alysts as well as reaction conditions, such as feedstock ratio and
pressures. Many studies have been focused on discovering cata-
lysts with high activity and selectivity toward the desired products
[3-17]. Catalysts with a second metal as a cocatalyst or promoter
are common for CO, activation and conversion. In these multi-
component catalysts, the arrangement of atoms and the interfacial
properties can be controlled to optimize the activity and selectivity
of the catalytic process. On the other hand, due to the complexity
of the reaction occurring on multi-component catalysts, an under-
standing of the catalytic mechanism at the atomic level cannot be
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easily achieved. Herein, we present a theoretical investigation on
the adsorption and activation of CO, over a bimetallic cluster sup-
ported on the hydroxylated alumina surface. We hoped to provide
some insights into the effect of introducing a second metal on the
reactivity of the catalyst as well as its implication for the ultimate
selectivity.

Cu-based catalysts dispersed on oxides, such as y-Al,03, SiO,
and ZrO,, have been widely studied for CO, hydrogenation, to
produce methanol, and reforming CHy, to produce synthesis gas
[6-12]. Furthermore, CO, has been co-fed with CO and H, in pro-
ducing hydrocarbon through Fischer-Tropsch (F-T) synthesis. Both
Co- and Fe-based catalysts have been explored for F-T synthesis in
the presence of CO, [13-17]. Early studies reported a promotion
effect of Cu to F-T rate on the Fe-based catalyst [18-20], mani-
fested as the addition of Cu to the Fe catalyst enhancing the rate
of the iron oxide reduction and resulting in a more active cata-
lyst. The promotion effect of Cu for CO, hydrogenation through F-T
synthesis has been observed by Iglesia’s group [14] on the Fe-Zn
catalysts. Lee and his coworker also studied CO, conversion and
selectivity of Fe—-Cu-K catalyst on the supports including Al,03,
SiO, and TiO, as well as the metal structural promoters such as V,
Cr, Mn and Zn [15]. They confirmed the Cu and K promotion effect
and found that Al;03 as a support enhances CO, chemisorption.
They showed that the addition of Cr, Mn and Zn generated more
basic sites and increase the selectivity toward C;-C4, and among
which Zn gives the highest selectivity. On the contrary, the pres-
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ence of Cu in the Co catalyst was found to reduce the rate of F-T
synthesis in an early study [18]. Very recently, Jacobs et al. have
reported an EXAFS study on the Cu promoted Co/Al,03 F-T cat-
alyst [21]. They observed that although adding Cu facilitates Co
reduction, the increased fraction of reduced Co did not lead to a
higher density of active sites because Cu tends to cover the rim of
Co clusters, which reduces the CO conversion rate and causes the
selectivity to the light components to increase. On the other hand,
the addition of a small amount of noble metal to the supported Co
catalyst in F-T synthesis [22-26] resulted in an increased catalytic
activity. Dorner et al. investigated the hydrogenation of CO, on the
Co-Pt/Al, 03 catalyst [17]. These authors reported that the predom-
inant product was methane, with a small fraction of longer chain
hydrocarbons being produced as the pressures and H,/CO,, ratios in
the feed decrease. The increased hydrogenation rate in the presence
of Pt was attributed to the increase of the reduced Co whereas the
change of the product distribution was attributed to the presence
of other active sites on the surface.

Generally, the processes of CO, conversion are regulated by
many factors, including catalyst/co-catalyst, supporting oxides,
promoters as well as reaction environment. In particular, the struc-
ture of the metal catalyst on the support can be modified by varying
the ratio of the active components, which in turn influences the
density and distribution of the active sites for adsorption of CO,
and the reaction intermediates. Despite so many investigations of
multi-component catalysts, the function of catalytic metals as well
as the reaction pathway is still ambiguous. Therefore understand-
ing CO,-metal interactions and the synergy of metal-support and
metal components at catalyst-oxide interfaces is key to resolv-
ing the complex catalytic process and achieving rational catalyst
design. There are a few theoretical studies on CO,-catalyst or CO,-
crystal surface interactions [27-33] whereas even few studies on
the mechanism of the catalyst reactivity regulated by the cata-
lyst composition change. Here we made an attempt to study CO,
adsorption on a model bimetallic catalyst supported on an alumina
surface and tried to understand the role of catalyst composition
tuning on CO, conversion.

Focusing on the atomic level detail of CO,-cluster-support
interfacial interaction, we report a periodic density functional the-
ory study of CO, adsorption and activation on Co-Cu bimetallic
clusters supported on y-Al;03 (1 10) surface, with Co/Cu ratio vari-
ation. As mentioned above, copper is much less active than cobalt
and reduces the rate of F-T synthesis when used as a promoter
[18]. However, as a commonly used catalyst for methanol, it may
increase the selectivity toward methanol. These two effects may
produce a synergy in the catalyst based on the two metals. Exper-
imentally, y-alumina has been widely used as a support for many
heterogeneous catalysts, due to its high porosity and the pres-
ence of acid and base sites, and availability [34]. Additionally, it
is observed to increase CO, adsorption [15]. Here we selected a
tetramer bimetallic cluster of Co and Cu supported on y-Al,03
to explore the CO, adsorption at cluster-support interface. The
comparative studies of CO, on clusters with different Cu/Co ratios
demonstrate that the active sites for CO, adsorption can shift by
tuning the metal composition, which in turn affects the reaction
energetics and leads to a change in the product distribution.

2. Computational details

Density functional theory periodic slab calculations were car-
ried out using the Vienna ab initio simulation package (VASP)
[35-37]. The projector augmented wave method was employed
to describe the interactions between ion and electrons [38].
The exchange and correlation energy was evaluated using the
Perdew-Burke-Ernzehof (PBE) form of the generalized gradient
approximation (GGA) functional [39]. The cutoff energy for the

plane wave basis set was set to 400 eV. The Brillouin zone inte-
gration was performed with the k points generated from 2 x 2 x 1
Monkhorst-Pack grid [40]. The atomic structures were optimized
using the conjugated gradient algorithm and/or the quasi-Newton
scheme until the forces on the unconstrained atoms were less than
0.03 eV/A. Spin-polarization was included in all our calculations to
account for the magnetic nature of Co.

We adopted the model of the partially hydroxylated y-Al;03
(110) surface based on our previous studies [30-32]. The super-
cell includes twelve Al, 05 units distributed in six layers and a 12 A
vacuum, and has a dimension of 8.404A x 8.018A x 19.182A. In
the surface unit cell, one H,O molecule dissociates into a hydroxyl
occupying a three-coordinated Al site and a proton binding a
neighboring two-coordinated O site. Consequently, there are two
hydroxyls produced in each surface unit cell, corresponding to a
OH coverage of ~3 OH/nm?2. In all calculations, the bottom two lay-
ers were fixed at their bulk positions whereas the top four layers
as well as the adsorbed clusters, hydroxyls and CO, were allowed
to relax. The binding of Co3Cu and CoCus clusters on the above
hydroxylated surface were first explored in both planar and tetra-
hedral configurations. CO, was then added to the supported cluster.
Bader-charge analysis was used to characterize the stable structural
configurations [41,42]. The adsorption energy of CO, is defined as:

AEacl = ECOZ—cluster/y—A1203 - Ecluster/y—A1203 - ECOZ

where Eco, - cluster/y-Al, 05 Ecluster/y-Al,0, a0d Eco, are the total ener-
gies of the slab with adsorbed cluster and CO,, the slab with only
cluster adsorbed, and the isolated CO, molecule, respectively. A
more negative adsorption energy corresponds to a stronger binding
of CO, on the supported cluster.

Constant-temperature (300K and 500K) ab initio molecular
dynamics simulations with similar parameters to those used in
geometry optimization have been performed for adsorbed CO,. In
the dynamics run, we reduced the cutoff energy to 300 eV to reduce
the computational costs. The time step was set at 0.5 fs and the sim-
ulation ran up to 2.5 ps. The most stable adsorption configurations
of CO, on supported clusters obtained from the static relaxation
were selected as the initial configuration for the dynamic runs.

3. Results and discussion

3.1. Bi-metallic cluster supported on hydroxylated y-Al,03
(110) surface

To shed light on the effect of Cu incorporation, CO, adsorption
on a pure cobalt cluster Cos has been conducted. The bimetal-
lic clusters, Co3Cu and CoCus, as well as Cos were modeled in
both tetrahedral and planar configurations. The tetrahedral con-
figuration is less favorable energetically than the planar one in the
gas phase. Upon binding on the hydroxylated y-Al;03 (110) sur-
face, the tetrahedral configuration shows a stronger interaction. We
therefore focused our attention on the tetrahedral configuration in
the present study. The adsorption of the cluster was explored on
a number of surface sites. The most favorable configurations are
shown in Fig. 1(a~c), named as Tco,cy for adsorbed CosCu cluster,
Tcusco for CuzCo and Tgo, for Cog4. The clusters are located above
surface Alyc, Oy¢, O3¢1, and O3, sites, with Co/Cu binding these
sites and the basal plane of the tetrahedron lying slantingly on the
surface. The O3, site is less active than the O, site, indicated by
the fact that the adsorbed cluster shifted toward the O, and O3
sites after relaxation. Overall, the binding sites are similar for both
clusters, while the local coordination and electronic structure dif-
fer. These differences are crucial to better understand adsorption
and activation of CO, over the supported catalysts.
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Fig. 1. Top view of the metal clusters supported on the partially hydroxylated y-Al,03 (110) surface: (a) Tcoycus (b) Tcocus s (€) Tco,- Red, O; pink, Al; blue, Co; light brown,
Cu; gray, C; and white, H. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

In Teo,cu (Fig. 1a), three Co atoms interact with the surface
directly, forming Co3-0,., Co;-03¢; and three Co-Als. bonds,
whereas Cu is located at the top vertex away from the support sur-
face. Detailed analyses of Cu substitution of Co in different positions
showed that cobalt energetically favors the surface sites more than
copper, leading to copper at the tetrahedral vertex of the cluster
being the most favorable. The overall binding strength of the clus-
ter decreases with the Cu position in the order of vertex site, Alyc,
02c and 03C] .

The discernible coordination of Co and Cu with the surface can
be understood by considering the surface acidic/basic sites and the
electron donating ability of Co and Cu. The electronegativities of
Cu, Co and Al are 1.90, 1.88, and 1.60 eV, respectively. These values
indicate that Co has a higher electron donating ability than Cu, as
clearly reflected in the isolated Co3Cu cluster, in which Cu is nega-
tively charged (Table 1). Therefore, Co interacts more strongly with
the surface basic sites than Cu does. Bader charges in Table 1 also
show that the Co atoms bound with the surface O site are positively
charged, clearly indicating the cationic nature of Co when interact-
ing with a basis site. In contrast, the Co atom binding Aly. and the
Cu atom in the top vertex are negatively charged, suggesting elec-
tron redistribution when the cluster is adsorbed on surface. The Co
atom became more negative, due to its interaction with the acidic
Aly site. The adsorbed cluster has a net positive charge, indicating
an electron transfer from the cluster to the surface.

When more Co atoms are replaced by Cu, the substitution is
expected to occur at the sites in the order of decreasing binding
strength, i.e., top vertex site, Alsc, Oz¢, and O3cq. For Teo,cu (Fig. 1b),
the Cu substitution occurred at the first three sites and the lone Co
remains binding the O3 site. Bader charge analysis shows that the
Cu atom binding the Aly site and the Cu atom in the top vertex are
negatively charged, similar to those in the Tco,cy case. As shown in
Table 1, the adsorbed cluster has a smaller positive charge, indicat-
ing a weaker electron transfer from the cluster to the surface after
Co was substituted by Cu.

The more significant electron transfer between the Co3Cu clus-
ter and surface relative to that of CoCus cluster corresponds to a

stronger CosCu-surface interaction than the CoCuz-surface inter-
action. The adsorption energy of Co3Cu is —3.69 eV with respect to
the hydroxylated surface and free cluster, and is more favorable
by 0.29 eV than CoCus adsorption. From Co4 to Co3Cu and multi-
substituted CoCus, the electron transfer to the substrate surface
decreases with the increased substitution. We therefore conclude
that Cu incorporation decreases the electron donating ability of the
clusters.

The above analyses demonstrated that the cluster-surface inter-
action is determined by distribution and availability of the surface
acid-basic sites as well as the nature of the metal atoms. The struc-
tural differences of these supported clusters are expected to affect
their activity as catalysts for CO, adsorption and further reactions.
In the following sections, we examine CO, adsorption on the two
bimetallic clusters and compare with that on the Co4 cluster. The
change in catalytic property by tuning the composition will be dis-
cussed in the context of CO, activation.

3.2. CO, adsorption on supported bi-metallic clusters

We explored CO; adsorption on Tco,cy and Teocu; as well as
Tco, systematically. In all stable configurations, the adsorbed CO;
is bent, indicating it is activated. The activation of CO, in the
adsorbed state results in a charged CO, species, represented as
CO,~. CO; binds the cluster via mixed oxygen/carbon coordination
with the cluster Co or Cu atoms, or at the cluster-surface inter-
face through the oxygen/carbon coordination with cluster and the
surface hydroxyl Os and Algc.. Accordingly, the configurations of
the adsorbed CO, can be classified into three modes. Mode 1 only
involves CO, and the metal cluster. The adsorbed CO, is distorted
quasi-symmetrically and bound at a metal-metal bridge site by
coordinating with two metal atoms, thus Mode 1 is also referred to
as bridge mode. Mode 2 involves both metal cluster and the sup-
porting oxide. The adsorbed CO, is distorted asymmetrically and
coordinated with one or two metal atoms at the cluster-support
interface. Moreover, the adsorbed CO, are stabilized by forming
a hydrogen bond with the surface hydroxyl group or by direct

Table 1
Bader charges (e) and adsorption energies (eV) for bimetallic clusters supported on the partially hydroxylated y-Al, O3 (11 0) surface.
Coy CosCu CoCus
Isolated Tco, Isolated Tcoscu Isolated Tcocu,
Atomic bader charge Co? 0.05 -0.27 Co? 0.06 -0.25 Co 0.04 0.04
Co —-0.03 0.30 Co 0.04 0.29 Cu? —0.02 -0.07
Co 0.00 0.30 Co 0.06 0.32 Cu 0.00 0.23
CoP —0.02 -0.13 Cub -0.16 -0.21 cub —-0.02 -0.13
Net bader charge 0.0 0.19 0.0 0.15 0.0 0.07
AE;L“S‘” -3.04 —3.69 -3.40

2 Corresponding to atoms binding Alsc.
b The top vertex atom.
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Table 2
Adsorption energies and structural parameters of CO, adsorbed on the y-Al,03 supported Cos;Cu cluster in different configurations (* labels the surface atom).
AE,q (eV) 03b)...H-0s (A) Adsorption site C-0?, C-0P (A) /0-C-0(°)
Mode 1 Al -0.61 No Co;-Cuy 1.24,1.26 142.5
Mode 2 A21 -0.85 1.64 Coq-Coy 1.23,1.33 131.7
A22 -0.82 1.62 Co; 1.21,1.32 137.8
A22 -0.61 No Co; 1.21,1.28 142.9
A23 -0.88 1.62 Co1-Coy, Alye 1.22,1.44 1239
A2.4 -0.83 1.68 Co; 1.21,1.29 139.8
A2.5 -0.69 1.56 Co; 1.20,1.32 137.5
Mode 3 A3:1 -1.34 1.65 Protonated 1.29,1.33 115.1
A32 -1.39 1.49 Protonated 1.41,1.27 1189
A33 -0.62 1.62 Protonated 1.22,1.35 1231
Note: the apostrophe in the notation A2_.2’ means the structure is same as A2_2 except without hydrogen bonding formation.
Table 3
Adsorption energies and structural parameters of different CO, adsorption configurations on y-Al,03 supported CoCus.
AE,q(eV) 020)...H-0¢ (A) Adsorption site C-0?,C-0" (A) /0-C-0 (°)
Mode 1 B1.1 -0.68 No Co,-Cuy 1.26,1.26 137.2
Mode 2 B2.1 -1.04 1.62 Cu;-Coy 1.24,1.31 1319
B22 —-0.46 1.53 Cuy 1.25,1.23 139.1
B23 -0.11 1.66 Cuy 1.20,1.29 139.6
B2.4 -0.42 1.55 Cuy 1.23,1.23 142.0
Mode 3 B3.1 -1.24 1.57 Protonated 1.29,1.32 1149
B32 -1.70 1.47 Protonated 1.39,1.26 1184
Table 4
Bader charges (e) on adsorbed CO, and the clusters in different configurations.
On TC03 Cu On TCOCU3
CO, Cluster CO, cluster
Mode 1 A1 —-0.99 0.78 B1-1 -0.73 0.76
Mode 2 A21 —-0.86 0.83 B2.1 -0.79 0.75
A22 -0.67 0.65 B2.2 -0.59 0.54
A23 -1.13 1.00 B2.3 -0.58 0.63
A24 -0.63 0.60 B2.4 —-0.52 0.48
Mode 3 A3.1 -1.30 1.18 B3.1 -1.26 1.10
A32 -1.33 1.16 B3.2 -1.22 1.04
A33 -0.93 0.88

interaction of the O atom with surface Aly. atom. This mode is
referred to as the interface mode. Mode 2 can be further divided
into single-metal and bi-metal coordination, based on CO,—cluster
coordination. Mode 3, referred to as the protonated mode, is also
formed at the cluster-support interface. In these configurations,
the adsorbed CO, is further protonated by the surface OH group
through a proton transfer process. In the following presentation,
the adsorption configurations on Tco,cy are denoted as Ay, Ay and
Az, according to their coordination modes, and on Tcocy, as By, By
and Bs, and on T, as O1, Oz, and O3. When there is a need to
distinguish local minima, we add an additional number to the sub-
script. For example, A, 1 and A; 5 represent the two configurations
of Mode 2 on Tco,cy- The two oxygen atoms of CO, are labeled as
0, and O, when they are in unequivalent positions and the oxygen

of surface hydroxyl is marked as Os. All the structural parameters
and adsorption energies for these configurations are summarized
in Tables 2-5 and Fig. 2.

3.2.1. COy adsorption on Tco,cu

A1 is the CO, adsorption configuration on supported Co3Cu at
the bridge-site, shown in Fig. 2a. In A; 1, CO is distorted almost
symmetrically and bound at the Co;-Cuy4 bridging site. Both Co;-C
(0) and Cuy-C(0O) bonds are formed. The adsorbed CO, is bent with
the C-0 bond being lengthened to 1.24-1.26 A and the 0-C-0 angle
being decreased to 142°. Consistent with our previous work, the
adsorption led to a partially activated CO,. The adsorption energy
of CO, in Aq_1 is —0.61 eV. The adsorption of CO, on another bridge
site, Co,—Cuyg, was found to have a similar stability and a similar

Table 5
Adsorption energies and structural parameters of CO, adsorbed on Co4 (O° labels the surface hydroxyl O atom).
Coy AE,q (eV) 03b)...H-0s (A) Adsorption site C-0?, C-0P (A) £0-C-0 (°)
Mode 1 011 -1.02 No Coq-Cos 1.25,1.26 140.8
012 -1.02 No Coy-Cos 1.27,1.25 139.6
Mode 2 021 -0.97 1.62 Coq-Coy 1.24,1.32 1334
021 —0.65 No Co1-Coy 1.24,1.27 137.2
022 -0.96 1.59 Co, 1.21,1.33 136.7
022 -0.73 No Co, 1.21,1.29 141.8
023 -0.89 1.62 Coy 1.21,1.30 138.8
023 -0.74 No Coy 1.21,1.28 143.6
Mode 3 03.1 -1.56 1.60 Protonated 1.29,1.33 115.2
032 -1.66 1.55 Protonated 1.27,1.41 119.6
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A2_4

A3 2

Fig. 2. Structure of CO, adsorption configurations on Tco,cu. A1.1 (Mode 1); Az.1, Az, Az 3, Az.4 (Mode 2); and As 1, As 2, A3 3 (Mode 3). Bond lengths are in A (Ay1, Ay and

A,_4 show top views and others show side views).

stretched C-0 bond to those in A; 1. The results of Bader charge
analysis for all CO, adsorption configurations on both Co3Cu and
CoCus are summarized in Table 4. In A;_1, CO; has a negative charge
of —0.99 e, whereas the cluster has a positive charge of 0.78 e, indi-
cating that CO, acts as a Lewis acid and accepts electron density
mainly from the cluster.

Several Mode-2 configurations were located at the
cluster-oxide interface. In A, CO, is bound at interfacial
Co;-Co, bridge site and coordinates with two metal atoms. The

C-0 bonds are stretched asymmetrically (1.23, 1.33 A) with one O
atom of CO, forming a hydrogen bond with the surface hydroxyl.
The CO, molecular plane lay almost parallel to the cluster basal
plane. The adsorption energy of CO, in A; 1 is —0.85 eV. The second
interfacial configuration, A, -, is similar to A1, but CO, only
coordinates with the Co; atom via a mixed C and O coordination.
Compared with the similar structure that has no H-bond, A, 5/, the
extra stability contributed from hydrogen bonding accounts for
0.21 eV. We would point out that the adsorbed CO, becomes fur-
ther distorted in A, 1 and A, 5 in the presence of hydrogen bonding.
As we demonstrated later in the MD simulations, the single metal
coordinated configuration is in fact very stable. The adsorbed CO,
can rotate along the Co;-0---H axis almost freely, leading to the
local minima. Ay 3 is another stable interfacial structure. In this
structure, CO, coordinates via multiple cluster and surface sites,
forming two Co-C bonds, one Co-O bond, and one O-Aly: bond
as well as a hydrogen bond. In A, 3, CO, becomes more activated,
commensurate with a further lengthened C-0 bond and an even
smaller O-C-0 angle. All interfacial configurations are stabilized
by the hydrogen bonding interactions and have similar stability.
In addition to the CO, adsorption configurations stabilized by
hydrogen bonding at the cluster-support interface, a proton from
the surface hydroxyl can be transferred to the adsorbed CO,, lead-
ing to the pronated configurations, such as Az, As> and Ass,
shown in Fig. 2. The A3 and As, configurations involve the
cluster-support interface, where CO, binds both cluster metal
atoms and surface Alyc. The migration of proton to CO, causes the
cluster and adsorbed CO, to rotate, resulting in a side of the tetra-
hedron lying on the surface. In Az 1, CO, interacts with cluster and
substrate via C-Co; and O-Aly bonds. Proton was transferred to
the free Oy,. While in A3, proton migrates to the “frozen” O, and

CO,; interacts with two Co atoms via multiple C/O-cluster coor-
dinations. The migration of proton to the “frozen” O, causes the
metal cluster to rotate, resulting in the Cu-0 bond formation. The
adsorbed CO, in both Az ; and A3, was distorted dramatically.
The O-C-0 angles decrease to 115° and 118°, much smaller than
that of gas-phase CO, (180°) and other adsorption modes (~140°).
The atomic charge of protonated CO, is —1.33 e, indicating a very
strong electron transfer from the cluster and surface to CO,. The
adsorptions of CO, in A3 ; and A3, are strongly exothermic, with
an adsorption energy around ~—1.40 eV. The adsorptions of CO, in
these two protonated configuration are significantly stronger than
that of all other adsorption configurations. In Az 3, CO, only inter-
acts with the copper atom via the on-top C-Cu bond. The proton
transfer to adsorbed CO, did not cause significant changes in cluster
structure. A3 3 is much less stable than other two protonated con-
figurations, due mainly to the suppressed contribution from the
surface acidic sites.

Selecting the interfacial A, ; configuration as the starting struc-
ture, we performed constant temperature molecular dynamics
(MD) simulations at 300K and 500K to examine the dynamical
aspect of CO, adsorption on the supported metal catalysts. In the
initial structure, the CO, molecular plane is nearly parallel to the
basal plane of the Co3Cu cluster. At 500K, CO, was found to rotate
around the Co-0;---H axis almost freely while maintaining the
hydrogen bonding O,---H-Os interaction. We selected an energeti-
cally favorable structure in which CO, is located at a position such
that the CO, plane is nearly perpendicular to the Co;-Co,-Cos
plane along the MD trajectory and allowed it to relax to a new min-
imum, Ay 4, as shown in Fig. 2. The adsorption energy of CO, in
A, 4 is —0.83 eV, indicating that A, 4 has almost the same stability
as other interfacial configurations. The transformation from A, > to
A, 4 goes through a transition state A; 5, which was obtained from
the MD trajectory at 300 K. The barrier of the transition is 0.15eV.
Based on the MD simulation results, we conclude that the single
metal coordinated interfacial structures, Ay 5 and A 4, are rather
stable CO, configurations.

These MD results also indicated that each activated CO, adsorp-
tion configuration is stabilized by an activated barrier higher than
the adsorption energy. An simply estimation based on the bind-
ing energy of 0.82 eV and a pre-exponential of 103 at 500 K would
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Fig. 3. Structures of CO, adsorption configuration on Tcocy, - B1.1 (Mode 1); By.1, Ba2, B2 3, Bo.4 (Mode 2); and Bs 4, B3> (Mode 3).

yield a rate constant of 54,200 s~. A dynamics trajectory with such
arate constant will be almost certain to lead to desorption. The fact
that none of the trajectories at temperatures below 500K lead to
CO, desorption indicates that the barriers of desorption for these
adsorbed CO, are high than the adsorption energy.

Overall, the Co-Cu bridge site and interfacial Co; site are active
sites for CO, adsorption and activation. This is consistent with the
above discussed electronic structure of the supported Co3Cu. In the
supported Co3Cu, Co; and Cuy atoms are both negatively charged
and easily donate their electrons to CO,. The extent of activation
increases from the bridge site to interfacial site, and further to
protonated structures. Table 4 summaries that the adsorbed CO,
has a significant amount of negative charge whereas the cluster
has nearly an equivalent amount of positive charge. The substrate
surface is only slightly positive. Naturally, the protonated CO, is
the most highly activated, corresponding to the longest C-O bond,
smallest O-C-0 angle and the largest amount of negative charges.
These results confirm our previous observation that the hydroxy-
lation of the y-Al;03 (11 0) surface enhances CO, activation [30].

In addition, we observe that the cluster-support interaction cre-
ates more active sites on the supported cluster through electron
transfer and charge re-distribution, which further affect the activity
of the supported catalysts. We found that in the interfacial config-
uration (Mode 2), the single metal coordinated configuration (A; 5
and A, 4) and bi-metal coordinated configuration (A, 1) have the
similar stability. Similar observations occur in the corresponding
protonated configurations (As ; and As ). These results suggested
a strong binding interaction of CO, on Co.

3.2.2. CO; adsorption on Tcocuy,

Next we examined CO, adsorption on the supported CoCus clus-
ter. Similarly, the adsorption configurations of three adsorption
modes are found, as summarized in Table 3 and Fig. 3. In By 1,
CO, is bound at Co,-Cuy bridge and symmetrically distorted. The
calculated adsorption energy of CO, is —0.68eV. B, 1 is the bi-
metal coordinated configuration at the interfacial Cu;-Co, bridge,
in which CO, binds Cu; and Co, atoms by multiple C and O coor-
dination. CO, is distorted asymmetrically and its plane is parallel
to the basal plane of cluster. The CO, adsorption energy in By 1 is
—1.04 eV, much larger than that of By 5. Several single-metal coor-
dinated interfacial configurations B, 5, B, 3 and B, 4 were obtained,

including CO, binding at the interface Cu; atom or at top vertex
Cuy atom. The CO, adsorption energies of these single metal coor-
dinated interface configurations are in the range of —0.11 t0 0.46 eV,
much smaller than that of bi-metal interface configuration B, 1 and
the bridge-site configuration B, 1, showing a weaker interaction
between CO, and the cluster-oxides. Accordingly, the stability of
the protonated configurations exhibits the same trend. B3 ; and B3 5
are the single and bimetal coordinated protonated configurations,
respectively. The adsorption energy of CO, in B3 7 is —1.24 eV, while
it is —1.70eV in B3 ». This indicated that the bridge site involving
Co is much more active for CO, adsorption than the single Cu site.

MD simulation at both 300K and 500K was carried out using
B, 1 as the initial structure. The trajectory study shows that the
adsorbed CO, just vibrates near its initial position and no desorp-
tion happens within the simulation time. The randomly selected
structures from MD were optimized and always reached the initial
structure B, 1. This proves that B, ; is a very stable structure and
the Cu-C and Co-C coordinates are very robust, while B 5 and B; 3
are less stable and cannot be obtained through trajectory study
at 300K. To get the single-metal coordinated configuration B; 5
and B, 3, a high temperature (e.g. 500K) is necessary to overcome
the barrier to break Co-C bond. The MD simulation confirmed the
strong binding of Co toward CO, obtained in the static calculations.

It is worth mentioning that the protonated configurations at the
interface are still the most favored, while the site activity shows a
big difference in comparison with Tco,cy System. Contrary to the
less substituted cluster, the interface bridge site where Co is present
in CoCus becomes the energetically favorable site for CO, adsorp-
tion. The interfacial single-metal coordination is unfavorable even
with hydrogen bonding’s assistance at the cluster-oxide interface.
The site activity alteration is closely related to the affinity of Cu
to CO,, which is much weaker than that of Co. In following sec-
tion we provide a detailed structural comparison to elucidate this
difference.

3.2.3. CO; adsorption on Tco,

To understand the effect of Cuincorporation in the cobalt cluster
on Co, we studied CO, adsorption and activation on the supported
Coy4 cluster. The results were used as references for CO, interac-
tion with the bimetallic clusters. Similar configurations to those
explored in Co3Cu and CoCus systems were studied for the sup-
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No H-bond

02_3'

Fig. 4. Structure of CO, adsorption configurations on Tc,,. Mode 1: Oy 1 (side view) and O (top view); Mode 2: 021 and Oy 1 (top view), O, and Oz » (top view), Oz 3 and

0,3 (side view); Mode 3: 051 and O3, (side view).

ported Coy cluster. The structural parameters for all configurations
are tabulated in Table 5. Detailed structures of these configurations
are provided in Fig. 4.

011 and 07, are the Mode 1 configurations with CO, being
adsorbed at bridging Co;-Co4 and Co,-Coy sites, respectively. In
Mode 1, CO, is distorted almost symmetrically and bound with
two Co atoms through multiple Co-C and Co-0 bonds. These sites
are the energetically most favorable for CO, adsorption on the sup-
ported Coy cluster, with the adsorption energy being —1.02 eV. O, 4
is the interfacial configuration with the Co;-Co, bridge site being
involved, similar to Ay 1 on Tgoycy @and By_1 on Teocy,. The other
interfacial configurations include O, 5, corresponding to A, >, and
023, corresponding to A 4, in CO; adsorption on Tcg,cy. We also
listed the structural parameters and the adsorption energies of CO,
in the configurations that CO, interacts with cluster and surface in
a similar mode but without forming hydrogen bonding. As shown
in Table 5, the overall trend is that the interfacial configurations
are less favorable than those formed at the bridge sites, although
hydrogen bonding increases the stability by 0.15-0.32eV. On the
other hand, once the adsorbed CO, became protonated, their sta-
bilities are enhanced greatly, making them, O3_; and Os », the most
favorable configurations. The adsorption energies of CO, in O3_1 and
03 are —1.56, —1.66 eV, respectively.

Table 6 lists a detailed comparison of bond lengths of single-
metal and bi-metal coordinated configurations. The Co-C and Co-O
bonds in single-metal coordinated configurations are shorter than
the corresponding bonds of the bi-metal coordination whereas the
stabilities of these configurations are similar. These results suggest
that the short Co-C and Co-0O bonds in single-metal coordinated
configurations provide similar binding strength to the multiple but
longer Co-C and Co-0 bonds in the bi-metal coordinated configu-
rations.

3.3. Effect of Cu substitution on CO, adsorption

The above results indicate that incorporating Cu into the Co
cluster definitely affects the interaction of CO, with the supported
clusters, and the extent of the influence depends on the compo-
sition of the cluster. Our results clearly demonstrated that the
favorable adsorption site for CO, varies as the amount of incorpo-
rated Cu changes. From Co4 to Co3Cu, and then to CoCus, the active
sites for CO, adsorption changes from the bridge site on cluster to
the interfacial sites, and specifically, the interfacial bridge site.

As we showed above, the vertex and interfacial metal atoms
binding the substrate Aly. site are negatively charged. Incorporat-
ing Cu reduces the electron donating ability of the cluster, thereby,
resulting in a less positively charged cluster. This will in turn
weaken the binding of the cluster toward CO,. For example, the
adsorption energy of CO; in the bridge site decreases from —1.02 eV
in Co4 to —0.60eV and —0.68 eV in Co3Cu and CoCus, respectively.
Consequently, this changes the order of stability of different CO,
adsorption modes, making the most stable bridging site in Coy

Table 6
Bond lengths and adsorption energies of bi- and single-metal coordinated CO;
adsorption configurations on y-Al,03 supported Cog.

Bi-metal 011 021 03

Co-C (A) 1.87,2.17 1.97,1.92 1.89,1.89
Co-0 (A) 2.11,2.03 2.02 2.12
AE,q (eV) ~1.02 ~0.97 _166
Single-metal 02 023 031
Co-C (A) 1.81 1.87 1.86
Co-0 (A) 1.93 1.95

AE,q (eV) ~0.96 ~0.89 ~1.56
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Table 7
Bond lengths and adsorption energies of bi- and single-metal coordinated CO, adsorption configurations on y-Al,03 supported Cos3Cu and CoCus.
Bi-metal coordination On Tcoscu On Tcocu,
Az Az B2 B3>
Co-C (A) 2.02,1.91 1.93,1.84 1.84 (C-Co) 2.27 (C-Cu) 1.81 (C-Co) 2.19 (C-Cu)
Co-0 (A) 2.00 2.09 2.06 (0-Cu) 2.12 (0-Cu)
AE,q (eV) —-0.85 -1.39 -1.04 -1.70
Single-metal coordination Ara Asq Ba3 B3
Co-C (A) 1.89 1.90 1.98 (C-Cu) 1.91 (C-Cu)
Co-0 (A) 1.95 2.04 (0-Cu)
AE,q (eV) —-0.83 -1.34 -0.11 -1.24

cluster not favorable any more in both Co3Cu and CoCus. This is
consistent with the fact that the electron donating ability of the
transition metals decreases from the left to right in the periodic
table and consistent with the previous study [31].

Table 7 compares the detailed geometry of the interfacial config-
urations formed on the supported Co3Cu and CoCus. In supported
Co3Cu, the interfacial sites were not affected because Cu substitu-
tion took place at the top vertex site. As a result, the interfacial sites
showed a similar activity toward CO, adsorption. The CO, adsorp-
tion energy is reduced slightly due to Cu incorporation. When more
Cu was incorporated, as in CoCus, the Cu-C and Cu-0 bonds at the
single metal site became much longer than the Co-C and Co-O
bonds at the interfacial bridge site, corresponding to the weak
binding ability of Cu to CO,. This resulted in the interfacial single
metal site being the least favorable for CO, adsorption on supported
CoCus.

Clearly, the complex formed from CO, adsorption at the
cluster-support interface is controlled by composition and struc-
tural details. The correlation between the composition and
interfacial structure provide us a means to manipulate the atomic
structure at the interface by tuning catalyst composition. As
indicated by the results in the present study, increasing the Cucom-
position to CoCus forces Cu to the interfacial site, which affects the
reactivity of the Co-based cluster. On the supported pure Co clus-
ter, the symmetrically activated CO, species in the bridging Co-Co
is the energetically favorable species. In the supported Co3Cu, CO,
activation at the interfacial sites becomes favorable, resulting in the
asymmetrically activated CO, species. With more Cu incorporated,
as in CoCus, the asymmetrically activated CO, species at the inter-
facial bridge site (bi-metal coordination) becomes favorable. These
changes in active sites for CO, adsorption and activation due to Cu
substitution may also alter reaction pathways and affect final prod-
uct distribution. For example, the C-center of the asymmetrically
activated CO, may be facile to direct hydrogenation while main-
taining the dangling C-0 bond, making oxygenate species (such as
methanol) possible products in direct CO, hydrogenation.

4. Conclusion

Adsorption and activation of CO, on the y-Al,03; supported
bimetallic Co-Cu clusters have been studied using DFT slab cal-
culations. In particular, we examined the effect of substitution of
Co by Cu in the supported metal cluster on the cluster’s reactivity
toward CO, adsorption and activation. On the basis of the results,
we conclude:

(1) Adsorbed CO, on the y-Al,03 supported Coy, Co3Cu, and CoCus
is highly activated, indicated by the elongated C-0 bond(s) and
reduced O-C-0 angle. Finite temperature molecular dynamics
simulations show that each CO, adsorption configuration is sta-
bilized by an activation barrier higher than the corresponding
adsorption energy.

(2) The active site for CO, adsorption and activation varies as the
composition of the cluster changes. On supported Coy, CO; is
activated almost symmetrically at the Co-Co bridge site away
from the interface. In both supported Co3Cu and CoCus, CO,
activation occurs at the cluster-support interface, resulting in
asymmetrically activated CO,.

(3) The presence of surface hydroxyls helps to stabilize the
adsorbed CO, species by either hydrogen bonding or proto-
nating CO,. The hydrogen bonding stabilizes the structure by
~0.2 eV whereas protonation has a much pronounced effect.

Acknowledgements

This work is supported in part by the Illinois Clean Coal Institute.
We also acknowledge the support of the Molecular Science Com-
puting Facility in the William R. Wiley Environmental Molecular
Science Laboratory (EMSL), located at Pacific Northwest National
Laboratory (PNNL).

References

[1] M.M. Halmann, M. Steinberg, Greenhouse Gas Carbon Dioxide Mitigation: Sci-
ence and Technology, CRC Press, Boca Raton, 1999.
[2] C.S.Song, Catal. Today 115 (2006) 2.
[3] A.D.Ballarini, S.P. de Miguel, E.L. Jablonski, O.A. Scelza, A.A. Castro, Catal. Today
107-108 (2005) 481.
[4] E.Ruckenstein, H.Y. Wang, J. Catal. 205 (2002) 289.
[5] Y.H. Hu, Catal. Today 148 (2009) 206.
[6] KM.K. Yu, C.M.Y. Yeung, S.C. Tsang, ]. Am. Chem. Soc. 129 (2007) 6360.
[7] QL. Tang, QJ. Hong, Z.P. Liy, J. Catal. 263 (2009) 114.
[8] Z.S. Hong, Y. Gao, J.F. Deng, K.N. Fan, Catal. Lett. 82 (2002) 37.
[9] Y.P. Zhang, J.H. Fei, Y.M. Yu, X.M. Zheng, Energy Convers. Manage. 47 (2006)
3360.
[10] K. Klier, Adv. Catal. 31 (1982) 243.
[11] LA. Fisher, A.T. Bell, J. Catal. 172 (1997) 222.
[12] J. Weigel, R.A. Koppel, A. Baiker, A. Wokaun, Langmuir 12 (1996) 5319.
[13] S. Krishnamoorthy, A.W. Li, E. Iglesia, Catal. Lett. 80 (2002) 77.
[14] S.Z.Li, AW. L, S. Krishnamoorthy, E. Iglesia, Catal. Lett. 77 (2001) 197.
[15] P.S.Sai Prasad, J.W. Bae, KW. Jun, K.W. Lee, Catal. Surv. Asia 12 (2008) 170.
[16] G.Kishan, M.W. Lee, S.S. Nam, M.J. Choi, KW. Lee, Catal. Lett. 56 (1998) 215.
[17] RW. Dorner, D.R. Hardy, F.W. William, B.H. Davis, H.D. Willauer, Energy Fuels
23 (2009) 4190.
[18] J.R. Anderson, M. Boudart, Catalyst: Science and Technology, vol. 1, Springer-
Verlag, Berlin, 1984.
[19] K. Pansanga, N. Lohitharn, A.C.Y. Chien, E. Lotero, ]. Panpranot, P. Praserthdam,
J.G. Goodwin Jr., Appl. Catal. A 332 (2007) 130.
[20] W.S. Ning, N. Koizumi, H. Chang, T. Mochizuki, T. Itoh, M. Yamada, Appl. Catal.
A 312 (2006) 35.
[21] G. Jacobs, M.C. Ribeiro, W.P. Ma, Y.Y. Ji, S. Khalid, P.T.A. Sumodjo, B.H. Davis,
Appl. Catal. A 361 (2009) 137.
[22] CJ. Bertole, C.A. Mims, G. Kiss, ]. Catal. 221 (2004) 191.
[23] T.K.Das, G. Jacobs, P.M. Patterson, W.A. Corner, J.L. Li, B.H. Davis, Fuel 82 (2003)
805.
[24] N. Tsubaki, S.L. Sun, K. Fujimoto, ]. Catal. 199 (2001) 236.
[25] D. Schanke, S. Vada, E.A. Blekkan, A.M. Hilmen, A. Hoff, A. Holmen, J. Catal. 156
(1995) 85.
[26] M. Ronning, D.G. Nicholson, A. Holmen, Catal. Lett. 72 (2001) 141.
[27] HJ. Freund, R.P. Messmer, Surf. Sci. 172 (1986) 1.
[28] X. Ding, L. De Rogatis, E. Vesselli, A. Baraldi, G. Comelli, R. Rosei, L. Savio, L.
Vattuone, M. Rocca, P. Fornasiero, F. Ancilotto, A. Baldereschi, M. Peressi, Phys.
Rev. B 76 (2007) 195425.
[29] J.A. Rodriguez, Langmuir 4 (1988) 1006.



18 S.Yin et al. / Catalysis Today 165 (2011) 10-18

[30] Y.-X. Pan, C.-]. Liu, Q. Ge, Langmuir 24 (2008) 12410. [37] G.Kresse, D. Joubert, Phys. Rev. B 59 (1999) 1758.

[31] Y.-X. Pan, C.-J. Liu, T.S. Wiltowski, Q. Ge, Catal. Today 24 (2009) 68. [38] P.E. Blochl, Phys. Rev. B 50 (1994) 17953.

[32] Y.-X. Pan, C.-J. Liu, Q. Ge, J. Catal. 272 (2010) 227. [39] ].P. Perdew, K. Burke, M. Ernzerhof, Phys. Rev. Lett. 77 (1996) 3865.

[33] T. Kakumoto, T. Watanabe, Catal. Today 36 (1997) 39. [40] H.J. Monkhorst, ].D. Pack, Phys. Rev. B 13 (1976) 5188.

[34] M. Digne, P. Sautet, P. Raybaud, P. Euzen, H. Toulhoat, ]. Catal. 226 (2004) 54. [41] RF.W. Bader, Acc. Chem. Res. 18 (1985) 9.

[35] G.Kresse, J. Hafner, Phys. Rev. B 48 (1993) 13115. [42] G. Henkelman, A. Arnaldsson, H. Jonsson, Comput. Mater. Sci. 36 (2006)

[36] G.Kresse, J. Furthmueller, Phys. Rev. B 54 (1996) 11169. 354,



	Adsorption and activation of CO2 over the Cu–Co catalyst supported on partially hydroxylated γ-Al2O3
	Introduction
	Computational details
	Results and discussion
	Bi-metallic cluster supported on hydroxylated γ-Al2O3 (110) surface
	CO2 adsorption on supported bi-metallic clusters
	CO2 adsorption on TCo3Cu
	CO2 adsorption on TCoCu3
	CO2 adsorption on TCo4

	Effect of Cu substitution on CO2 adsorption

	Conclusion
	Acknowledgements
	References


